Three methods for the calculation of the ventilation rate in Northern European livestock buildings were compared on the basis of the balances of animal heat, moisture and carbon dioxide for fattening pigs, dairy cattle and laying hens. The analyses were made on data sets from a collaborative project using literature values for the rates of production of heat, moisture and carbon dioxide. For heat and moisture production, it was found that the balance equations could be improved by including a correction for evaporation of water from fresh food, faeces and urine in livestock buildings, and by adjustment of the equations for partitioning total heat into sensible and latent heat for pigs and poultry. The correction, which is valid for climatic regions and production schemes that exist in Northern Europe, was calculated for each building in such a way that the heat and moisture balances gave the same ventilation rate. The three methods gave reliable results on a 24 h basis, except when there were small hourly differences between indoor and outdoor temperature (less than 2°C), absolute humidity (less than 0)5;10\ kg of water/m) and carbon dioxide concentration (less than 200 p.p.m.). On a 24 h basis the correlation coefficient (r) between the ventilation rate based on carbon dioxide and on heat and moisture was 0)67 (p(0)01) for fattening pigs and 0)90 (p(0)001) for laying hens and dairy cows. For periods shorter than 24 h, a correction was needed for diurnal changes in animal heat, moisture and carbon dioxide production to achieve good agreement between calculated and measured ventilation rates.
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Introduction
Measurement of dust and gas emissions from livestock buildings requires reliable information on ventilation rate. One method is to equip the inlet or outlet openings with calibrated nozzles, e.g. pitot static tubes; another is to use a calibrated, free running impeller with recording of the impeller speed as a measure of ventilation rate.
1
Both methods are accurate, but are demanding and difficult to use on site for short-term measurements where there can be a number of inlets or outlets. Therefore, it is of great interest to use indirect methods based on easily measured parameters.
In this study, ventilation rate was calculated from a mass balance of carbon dioxide given an estimate of the animal's production of carbon dioxide.
2
Because measurements of outdoor and indoor temperature and relative humidity were also made, it was possible to calculate the ventilation rate on the basis of the heat and moisture balances of the building.
This research, which is valid for climatic zones and production schemes that exist currently in Northern Europe, had the following main objectives: (1) to examine the agreement between estimates of ventilation rate based on the balances of heat, moisture and carbon dioxide, respectively; and (2) to improve the calculation procedure by taking into account the evaporation of spilt water, and water from wet feed and manure, etc. The project was part of a larger study of aerial pollutants in livestock buildings, an overview of which is given by Wathes et al. 
Commission Internationale du Ge´nie Rural (CIGR) equations for livestock heat production
Comprehensive research has been carried out during the last decades on the heat and moisture production of different types of livestock. In 1978, Str+m 4 reviewed the literature on cattle, pigs and poultry and developed predictive equations for total and sensible heat production. The literature was further reviewed in 1984 and 1992 by a CIGR working group, and common predictive equations, averaged over 24 h, were derived for livestock,
5,6
comprising cattle, pigs, poultry, horses, sheep, goats and rabbits.
The CIGR equations are based mainly on measurements of heat and moisture production in climatic chambers, and when the first report 5 was published, it was clear to the authors that the predicted animal moisture production differs from measurements of moisture production in livestock buildings, because water vapour also arises from the evaporation of spilt water and from wet feed and manure. Water evaporation needs latent heat, which is nearly always taken from the animals' sensible heat production: the available sensible heat (for heating) therefore is less than that estimated in climatic chambers. A provisional table of correction factors was included in the CIGR reports.
Another important factor affecting the partition of total heat into sensible and latent heat is the influence of indoor relative humidity, since a high indoor relative humidity will limit evaporation of water.
7,8
The analyses described in this paper concern fattening pigs, dairy cattle and laying hens and are based on the heat and moisture balance equations from the two CIGR reports.
5,6
In the 1984 CIGR report, 5 the carbon dioxide production as an average across all species was estimated to be 0)163 m/h per hpu (heat producing unit). Respiratory CO production depends on various factors, such as the respiratory quotient RQ (volume of CO produced divided by volume of O consumed), feed intake, animal activity and species. According to van Ouwerkerk and Pedersen, 2 CO production (m/h per hpu) for an RQ value from 0)8 to 1)2 increases from 0)142Q to 0)195Q, where Q is the total heat production (kW). An RQ of 0)8 refers to a low feed intake and 1)2 to a high feed intake. Van Ouwerkerk and Pedersen conclude that carbon dioxide production ranges from 0)17 to 0)20 m/h per hpu, if RQ ranges from about 1)0-1)2 and the CO production from manure is 4% of the total production.
In the present work, a CO production of 0)185 m/h per hpu, corresponding to a medium feeding level, was used for all three species. This figure applies to the whole 24 h period, even though metabolic heat production can change diurnally. Because the CIGR equations do not take diurnal variation into account, calculation on an hourly basis gives misleading results, as shown later, which is one reason why estimates of ventilation rate from carbon dioxide, heat and moisture balances based on spot measurements may differ from measured ventilation flow.
The total animal heat production Q (W) was calculated by means of Eqn (1) (CIGR 6 ) and Eqns (2) and (3) (CIGR
5
) for indoor temperatures of 20°C. Total heat production for a fattening pig:
where m is body mass (kg) and ME is metabolizable energy intake (kJ/d).
Total heat production for a dairy cow:
where p is days of pregnancy and y is the milk production (1/d).
Total heat production for a laying hen:
Equations (1), (2) and (3) define Q for an individual fattening pig, dairy cow and laying hen, respectively, when the temperature t"20°C. When tO20°C, then a temperature correction is required, i.e.
Q*"jQ
where j"4;10\(20!t)#1. The animal's heat balance is Q*"S#¸ (5) where S and¸are the sensible and latent heat production, respectively. Equation (5) can be expressed as
where l ["0)8!1)85;10\ (t#10)] represents the relative proportion of total heat which appears as sensible heat. Neglecting solar radiation, light, etc., theņ "(1!l)Q*. Figure 1 shows the total heat partitioned into its sensible and latent components at different temperatures according to Eqns (5) and (6) for a total heat production Q"1 kW at t"20°C (i.e. a heat production unit). The data are generic to all livestock and illustrate the effects of temperature on the partition. The value of l was estimated by Str+m 4 but experience (CIGR
5
) of the partition of heat production by housed farm animals has since shown that a proportion of the total heat production is used to evaporate water from faeces, urine and feed in the house, especially in winter. This effectively reduces the sensible heat losses from the buildings S by an amount k (Table 1) , i.e.
S "k nS
where k is the correction factor for sensible heat and n is the number of housed animals. Figure 2 shows examples of the heat losses from a building divided into sensible and latent heat at different indoor temperatures for three Fig. 1 values of k . When k "1, the partition for the building is identical to that for an animal because no latent heat is used to evaporate water from the faeces, urine and feed.
Heat, moisture and carbon dioxide balance equations
The structure of the three balance equations is similar, although the heat balance equation has an additional term for transmission heat loss, which is independent of the ventilation rate.
Heat balance
Taking into account the correction factors for sensible heat for livestock buildings without any supplemental heat, the heat balance can be expressed by the following equation:
S "Aº t#»c t (8) where A is the surface area of the livestock building, m, º is the heat transmission coefficient for building surfaces, W/m K, t is the temperature difference between * Periods with small differences between indoor and outdoor temperature, relative humidity, or carbon dioxide concentration respectively, are excluded. DK Denmark; E England; G Germany; NL Netherlands. 
indoors and outdoors, K, » is the ventilation rate, m/h and c is the specific heat of air, J/m K. The ventilation rate can be calculated from Eqn (8) for steady-state conditions. For dynamic conditions, e.g. due to diurnal variations in outdoor temperature, the heat transmission losses will not correspond with calculated values because of a lag in heat transport, caused by the thermal capacity of the building. In the morning, for instance, when the surfaces are cooler than in the evening, the transmission loss will be relatively higher than in the evening. Furthermore, condensation of water on the surfaces at low wall temperature and high indoor relative humidity will release latent heat, which acts as an additional heat source. This process will later be reversed as the wet surfaces dry and heat will then be recovered from the indoor air. These aspects were discussed further by Wathes, 9 but are estimated to have only a minor influence on the calculated transmission heat loss over 24 h. The greatest practical problem when estimating ventilation heat flow by means of the heat balance equation is that the instantaneous sensible heat production is normally not known, but must be replaced by a constant sensible heat production according to Eqn (6) . This leads to the following conditions. First, if the indoor temperature is kept nearly constant in mechanically ventilated buildings, e.g. by a temperature controller with a negligible proportional band, and if the outdoor temperature is constant, then t will also be constant, and the calculated ventilation rate will remain nearly constant, even if the true ventilation rate has increased due to increased animal activity and vice versa. Secondly, if t rises because of increased heat production, then the calculated flow rate will decrease in spite of the fact that the true ventilation rate has increased.
These two examples show that the calculated ventilation rate based on a heat balance will always produce errors when the true sensible heat production does not correspond exactly with the daily mean expressed by Eqn (6).
Moisture balance
The ventilation rate can be calculated by a humidity balance:¸"» H 680. Hence,
where H is the difference in water content between indoor and outdoor air, kg/m. This equation shows in a similar way to Eqn (8) that the calculated ventilation rate will decrease if H is increased.
Carbon dioxide balance
Similar to the moisture balance equation above, the ventilation rate is based on the indoor and outdoor carbon dioxide concentration and can be calculated by
where C is the carbon dioxide production, m/h and C is the difference in carbon dioxide content between indoor and outdoor air, p.p.m. Diurnal variation in the production of metabolic heat, water and CO will limit the accuracy of these methods for estimating ventilation rate. However, there are no widely accepted formulae for predicting this diurnal variation and, in consequence, averages over 24 h were estimated to eliminate this problem.
Field experiments
Research was carried out in Northern Europe (Denmark, Germany, the Netherlands and England) on the indoor climate in 329 livestock buildings for cattle, pigs and poultry.
3,10 Of this total, 15 buildings for fattening pigs, 12 for dairy cows and 12 for laying hens were randomly selected for this study. For each building, environmental measurements of indoor and outdoor dry bulb air temperatures, relative humidity and carbon dioxide concentrations were recorded on an hourly basis over a 24 h period. The ventilation rate was estimated from the balances of heat, moisture and carbon dioxide.
The comparison between the heat, moisture and carbon dioxide methods for estimation of the ventilation rate was carried out in two steps:
1. Selection by iteration of the value of k which allows the heat and moisture balances to give the same ventilation rate. 2. Calculation of the ventilation rate from Eqn (10) assuming a carbon dioxide production per hpu of 0)185 m/h. Tables 2, 5 and 8 give information about the housing conditions for the animals. Tables 3, 6 and 9 list the  ventilation rate based on heat and moisture balances and  Tables 4, 7 and 10 list the ventilation rates for the carbon dioxide balance and the ratio between the ventilation rate for carbon dioxide and temperature/humidity. The data set was selected randomly and includes summer and winter surveys from all four cooperating countries.
The following adjustments of data were made before analysis: (1) measured relative humidities above 97% were fixed at 97%; (2) hourly measurements with t(2°C or C(200 p.p.m. were excluded; and (3) hourly measurements with H(0)5;10\ kg/m of water were excluded. Low outdoor concentrations of CO were attributed to general drift in the analyzer calibration. Figure 3 shows an example (Building 562012W, see Table 2 ) of the diurnal variation in outdoor and indoor temperature in a fattening piggery. Animal activity was measured with a novel monitoring system. Figure 4 shows the ventilation rate over 24 h based on the three methods.
Results and discussion

Diurnal variation in ventilation rate
11-13
Taking into account that the outdoor temperature increases slightly by day and that normally the animal's heat and moisture production also are highest during the day, the ventilation rate should be highest by day. However, analysis of the results from the field measurements showed that for many buildings, the ventilation rate was higher during the night than during the day. Adjustment of metabolic heat and carbon dioxide production according to the diurnal animal activity was therefore examined to improve the calculation methods. Figure 5 shows the calculated ventilation rate when the heat and carbon dioxide production were adjusted according to 50% of the diurnal variation in animal activity, referring to the daily mean activity. If, for instance, the animal activity is 10% above the daily mean, the carbon dioxide production will be increased by 5% and vice versa. These estimates are more reliable than those in Fig. 4 . Because of the lack of simultaneous measurements of ventilation rate and calculations of ventilation rate based on measurements of air temperature, relative humidity, carbon dioxide production and activity, it is not possible from these results to determine the relation between variation in activity and heat and carbon dioxide production. Figure 5 can therefore be considered only as an example of a potential solution to this problem and further research is needed on this aspect.
Fattening pigs
The calculated correction factor, k , for fattening pigs (Table 3) is shown in Fig. 6 with respect to indoor temperature. The results show that k increases with indoor temperature. The correction factor is less than unity for temperatures below 21°C. Correction factors below one can be explained by evaporation of water corresponding to winter conditions (see Section 3). Correction factors Fig. 3 . Diurnal variation in outdoor and indoor temperature and animal activity for fattening pigs above unity cannot be explained by evaporation of water from feed, manure, etc., and this indicates that at least one of the basic equations [Eqns (1) (4) or (6)] is incorrect. Because k is only slightly sensitive to the total heat production, the error is most likely to occur in Eqns (4) and (6), i.e. in j or l. Given that pigs do not sweat, it is likely that Eqn (6) is inaccurate for pigs, especially at high indoor temperatures. It is not possible on the basis of the data in Table 3 to adjust Eqn (6), because the data in Fig. 6 contain errors due to both Eqn (6) and to the correction for evaporation of water on a house level. To fit the model better under practical conditions it is necessary to adjust Eqn (6) in such a way that the sensible heat is less dependent on indoor temperature. Assessment of the data set has shown that the sensible heat at a house level corresponds well to a constant proportion of the total heat over the measured temperature range of 15-25°C as shown by Eqn (11) , where the constant is calculated to be 0.61 for the 15 Northern European fattening houses studied and effectively replaces l. Because the evaporation of water from feed and manure depends on the outdoor climate and the management, similar investigations in other climate regions of the world will probably yield a different constant,
Using Eqn (11), reanalysis of the ventilation rate calculated from the heat and moisture balances, then gives revised values of k of approximately unity, as shown in Fig. 7 . Surveys with t(5°C were not included in the calculation of the correlation coefficient because the random variation between ventilation rate estimated respectively by heat and moisture balance equations is greater at decreased t. Figure 8 shows the correlation between the ventilation rate based on the heat/moisture balance and the carbon dioxide balance, when Eqn (6) and k from Table 3 are used. Except for low t (and low C), the agreement is relatively good. When t'5°C then r"0)67 (n"9, p(0)01). Alternatively, by using Eqn (11) and the revised values of k shown in Fig. 7 , the same correlation between ventilation rate based on the heat/moisture balance and the carbon dioxide balance shown in Fig. 8 could have been obtained. Therefore, it does not matter which of Eqns (6) or (11) together with k from Table 3 and Fig. 7 , respectively, are used, but Eqn (6) is unlikely to be reliable for pigs.
Dairy cows
The calculated correction factors for dairy cows (Table 6 ) with respect to indoor temperature are shown in Fig. 9 . The results show k (1 in all cases with a mean of 0.85, which indicates that calculations without use of a correlation factor will lead to a lower calculated indoor relative humidity than the true values. Equation (6) appears to be reliable for cattle and the estimated values of k imply that 15% of the sensible heat is used for evaporation of water. A value of k "0)85 corresponds to normal conditions as given in Table 1 . Figure 10 shows the correlation between the ventilation rate based on the heat/moisture balance and the carbon dioxide balance. As for pigs, the agreement is good. When t'5°C then r"0)90 (n"7, p(0)001).
5.4.¸aying hens
The calculated correction factors for laying hens (Table 9 ) with respect to indoor temperature are shown in Fig. 11 . As shown in Table 8 , in nine of the buildings the hens were kept in cages, and in the remaining three houses the hens were kept in aviary/perchery systems. Because of inherent differences between the housing systems, only the largest group with cages is taken into account for the regression line in Fig. 11 . The relationship shows that k increases with indoor temperature in the same way as for pigs. The correction factor is lower than unity at temperatures below 19°C and above unity at temperatures above 19°C. Taking into consideration that laying hens sweat very little, 7,8 it is likely that Eqn (6) is also less accurate for hens at high indoor temperatures. Also, the results achieved by Reece et al. 14 for summer conditions and by Deaton et al. 15 for winter conditions show that the sensible heat is less than shown in Fig. 1 , depending on the indoor temperature. For five experiments with broilers under summer conditions, Reece et al. 14 found that at about 30°C, the sensible heat production accounted for 40% of the total heat production. The corresponding value for winter conditions at about 17°C was 56% of the total heat production.
15 Medway and Kare 16 found that within the thermoneutral zone with temperatures from 35 to 21°C for broilers from 1 d to 32 weeks of age, the sensible heat loss was about 77% Fig. 12 shows that the sensible share of the total heat production decreases less at increased temperatures than by that shown in Fig. 1 . Richards found that the sensible heat was still about 30% of the total heat production at 38°C. In hot climates, the evaporative heat loss from laying hens depends very much on the indoor relative humidity. 7 For indoor temperatures within the range from 19 to 34°C the evaporative loss was approximately 45% higher at relative humidities below 40% than at relative humidities above 80%. Experiments by Chwalibog and Eggum 8 also indicate that the contribution of evaporative heat loss decreases with increased relative humidity at indoor temperatures of 25°C. Therefore, it is likely that a future model for the sensible component of total heat should include both indoor temperature and relative humidity.
An empirical equation for laying hens over the temperature range from 15 to 25°C was derived in a similar manner to Eqn (11) . The results obtained by Eqn (12) below are shown in Fig. 12 :
(12) Figure 13 shows the correlation between the ventilation rate based on the heat/moisture balance and the carbon dioxide balance, when Eqn (6) and k from Table 9 are used. Except for low t (and low C), the agreement is good. When t'5°C then r"0)90 (n"8, p(0)001). Tables 11 and 12 show the sensitivity to incorrect measurements of outdoor and indoor climate, number of animals (assumed to be exact in this analysis), animal weight, area of cold surfaces and º value for transmission heat loss under typical winter and summer conditions. The ventilation rates are set to 80 m/h (hpu) for the winter and 300 m/h (hpu) for the summer. An inaccuracy of 2)3% for an increase of 10% in the º value from 0)50 K to 0)55 W/m K is estimated for insulated buildings during the winter. For uninsulated buildings, the heat balance equation is less suitable for the estimation of the ventilation rate, because the potential error can be very high. For example, if the true º value is 2)5 W/m K, but is estimated to be 3)0 W/m K, the error in ventilation rate will be approximately 20% under winter conditions.
Sensitivity test
Assuming that the measurement errors (increments) shown in Tables 11 and 12 represent winter and summer conditions, respectively, and provided that the basic equations for animal heat, moisture and carbon dioxide production give correct values, the total measurement error is as shown in Table 13 . As expected, the measurement errors are highest in summer.
Conclusions
(1) For insulated buildings under conditions of relatively large differences between indoor and outdoor temperatures, absolute humidity and carbon dioxide concentration, ventilation rates over 24 h can be calculated from heat, moisture and carbon dioxide balances. (2) For uninsulated buildings, only the carbon dioxide method is recommended because of the difficulties in estimating the heat transmission loss from the building. (3) The CIGR equation 5 from 1984 for calculation of heat production is applicable for cattle if a suitable correction factor is used, but under summer conditions it underestimates the sensible heat production for fattening pigs and poultry. By fixing the sensible heat production at 61% of the total heat production for fattening pigs and at 68% for laying hens in cages, the ventilation rates calculated from heat and moisture balances are in good agreement over the temperature range from 15 to 25°C. (4) A correction for evaporated water from feed and wet surfaces in cattle buildings can be made by multiplying the sensible heat production by a correction factor of 0)85, corresponding to a 15% conversion of the sensible heat into latent heat. (5) For cattle, pigs and poultry, a carbon dioxide production of 0)185 m/h per heat producing unit provides good agreement between ventilation rates calculated from carbon dioxide, temperature and humidity balances. On a 24 h basis the correlation coefficient (r) between the ventilation rate from carbon dioxide and heat/moisture balances is 0)67 for fattening pigs and 0)90 for laying hens and dairy cows.
